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in the Arabidopsis plastid [5], be 
considered enough to tilt the scale 
toward organelle? We believe it 
would.
For example, an irreversible, 
long-term metabolic and cell 
biological connection between 
host and photosynthetic 
‘endosymbiont’ could develop 
entirely from host-derived 
systems (e.g., metabolite 
transporters integrated into 
the outer membrane of the 
endosymbiont, such as PfoTPT in 
Plasmodium [6]), in the absence 
of a protein import system (e.g., 
[7]). Over time, gene loss and 
endosymbiotic gene transfer 
could occur, with transferred 
genes potentially acquiring new 
functions in the host cell. This 
may already have occurred in 
Paulinella and very likely did so in 
the early stages of the evolution 
of canonical plastids [7]. At this 
stage of the association, is it 
‘endosymbiont’ or ‘organelle’? 
Whereas Theissen and Martin 
[1] would say ‘endosymbiont’, 
we believe that the Paulinella 
endosymbiosis possesses 
landmark features that justify the 
use of ‘plastid’ as a term referring 
to a photosynthetic organelle of 
endosymbiotic origin: the most 
important of these is the fact 
that the obligate and permanent 
host–‘endosymbiont’ relationship 
occurs within a single-celled 
organism that has lost the ability to 
phagocytose prey and has become 
a photoautotroph. Other key 
features are the strict regulation 
of the number of photosynthetic 
bodies in Paulinella and the 
synchronization of their division 
and segregation [8–11] that appear 
to be controlled by host effectors. 
This may have been accomplished 
via endosymbiotic gene transfer 
followed by protein import, entirely 
through the action of host-derived 
gene products, or a combination 
of the two. In any case, as clearly 
stated by Archibald [2] and 
Yoon et al. [12], this needs to be 
proven. Regardless of whether 
the cyanobacteria-derived 
cytoplasmic bodies of Paulinella 
should be called ‘endosymbionts’, 
‘photosynthetic organelles’, 
‘plastids’ (our preference), or 
‘cyanelles’ [2,11–14], the Paulinella 
nuclear genome will be important 
for understanding the extent of 
organelle establishment in this 
organism.
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In eukaryotes there are 
two main types of sexual 
reproduction: isogamous, with 
two similar- looking gametes, 
and oogamous, with distinct 
sperm and egg cells. Oogamous 
reproduction has apparently 
evolved from isogamous 
reproduction repeatedly in several 
eukaryotic lineages, most notably 
those leading to animals and 
flowering plants. But until now, 
there have been no molecular 
genetic data relating the sexes 
of oogamous organisms to the 
mating types of their isogamous 
ancestors. This may be because 
no extant isogamous organisms 
are known that are closely related 
to animals or land plants [1,2]. 
The oogamous multicellular green 
algae in the family Volvocaceae 
provide an ideal model for 
exploring such evolutionary 
relationships, because several 
mating-type-specific genes have 
been identified in the closely 
related isogamous, unicellular 
alga Chlamydomonas reinhardtii 
[3,4]. No mating-type-specific 
genes have been isolated 
previously from the Volvocaceae, 
however, possibly because 
sex-related genes evolve rapidly 
[5]. Here we report isolation 
of a male-specific gene from 
the oogamous volvocacean 
Pleodorina starrii (see Figure 
S1 in the Supplemental data 
available on-line with this issue) 
by PCR amplification using 
primers corresponding to the 
minus-dominance (MID) gene of 
C. reinhardtii. This Pleodorina 
gene, PlestMID, is only present 
in males, encodes a protein that 
is abundant in sperm nuclei, 
and is an orthologue of the MID 
gene of C. reinhardtii that causes 
cells to develop as ‘mating type 
minus’ (MT–) gametes [4]. Thus, 
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probably established from the 
dominant isogametic mating 
type during the evolution of 
oogamy. This first description of 
a mating-type-specific gene in 
an oogamous green alga should 
also facilitate future studies of the 
evolution of oogamy in this group.
Like Chlamydomonas MID 
genes — CrMID and CiMID from 
C. reinhardtii and C. incerta, 
respectively [3–5] — PlestMID 
encodes a short (163 residue) 
protein with an RWP-RK 
domain and a leucine-zipper 
in the carboxy-terminal region 
[4–6] (see Figure S2A in the 
Supplemental data). A second 
MID-like sequence (PsPlestMID) 
in the Pleodorina male genome 
appears to be a pseudogene 
(see Figure S2B), with a one 
nucleotide deletion in one of the 
putative exons. Southern blotting 
demonstrated that PlestMID and 
PsPlestMID are both present in 
the genome of males but not 
females (Figure 1A), a conclusion 
that was reinforced by PCR 
analysis of three male and three 
female strains (see Figure S2C). 
PsPlestMID expression could 
not be detected, and PlestMID 
expression was detected by 
RT-PCR only in nitrogen-starved, 
male gamete-producing cultures 
(Figure 1B). Immunofluorescence 
microscopy detected PlestMID 
protein only in the nuclei of the 
sperm (Figure 1C; see Figure 
S3). These findings parallel those 
obtained for CrMID, which is 
expressed only in nitrogen-starved 
cells that are actually producing 
minus gametes [7]. Because the 
CrMID protein is necessary for 
differentiation of minus gametes 
in C. reinhardtii [4], and because 
CrMID, CiMID and PlestMID all 
encode proteins with RWP-RK 
domains and leucine zippers 
that might be involved in DNA 
binding and protein dimerization 
[8], our working hypothesis 
is that the PlestMID protein 
plays an important role in male 
gametogenesis in P. starrii. 
Phylogenetic analysis of 70 
RWP-RK domains showed that 
the three MID proteins — CrMID, 
CiMID and PlestMID — form a 
monophyletic group that is not 
associated with the lineages C
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Figure 1. Characterization of the male-specifc PlestMID and PsPlestMID genes from 
the oogamous volvocacean Pleodorina starrii.
(A) Southern hybridization using the PlestMID probe with BamHI (B) and SalI (S) frag-
ments of DNA from female (F) and male (M) P. starrii strains. (B) Semiquantitative RT-
PCR analyses of PlestMID and PsPlestMID genes in female (F) and male (M) strains 
that were either nitrogen deprived to induce gametogenesis (N) or nitrogen fed (V). The 
EF-1 like gene was used as an internal control. (C) Visualization of PlestMID protein in 
mature sperm after release from sperm packets. PlestMID expression is obvious in the 
nucleus (arrowheads). Specimens were double-stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) and either anti-PlestMID antibodies or preimmune rabbit serum (control). 
All adjacent panels show identical cells. DAPI (pseudo-coloured) and immunofluores-
cence images are merged (rightmost panels). Scale bar represents 5 µm.containing 13 other volvocalean 
(Chlamydomonas and Volvox) 
sequences (Figure 2). This 
suggests that MID probably arose 
early in volvocalean evolution as 
a gene regulating mating type, 
and has been conserved for 
such a function. Thus, males in 
oogamous volvocaceans such 
as P. starrii are homologous to 
the dominant, MT– mating type 
of C. reinhardtii. Evolution of the 
male in the family Volvocaceae thus appears to be based on the 
genetic system controlled by the 
dominant mating type locus  
(MT–) of its isogamous ancestor. 
This system bears some 
resemblance to the X/Y sex-
determining system of mammals, 
in which the male is the dominant 
phenotype.
Ferris and Goodenough [4] 
reported that the CrMID gene 
is necessary and sufficient to 
convert a plus cell into a minus 
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R1020Figure 2. Phylogenetic analyses suggest a relationship between sex-specific MID pro-
teins and other RWP-RK domain-containing proteins.
A maximum likelihood (ML) tree (based on WAG model) of 70 RWP-RK domains from 
various eukaryotes. Green, red and yellow represent green plants, red algae and oomy-
cetes, respectively. Numbers without or within parentheses indicate bootstrap values 
of 50% or more, based on 500 or 100 replicates by ML or ME (using p-distances), 
respectively. Abbreviations are as used by Schauser et al. [8]; accession numbers, or 
other forms of gene identification are given after the species names.cell, and argued that this means 
all other genes that encode 
minus-specific gametic traits are 
carried by both MT+ and MT– cells. 
The latter can be considered 
‘autosomal’ genes, the expression 
of which is controlled by CrMID. 
The marked expression of 
PlestMID protein in the individual 
sperm that have been released 
from sperm packets (Figure 1C), 
however, may indicate that, in 
addition to its presumed role in 
gametogenesis, this protein may 
also contribute to maintenance 
or mating behavior of the male 
gametes. As CrMID is located 
in the MT– locus [3], and both 
PlestMID and PsPlestMID are 
specific to the male genome, 
those two genes should serve as 
molecular markers for the male mating-type locus of Pleodorina, 
and comparison of other 
mating- type-linked loci between 
Chlamydomonas and Pleodorina 
should reveal the genes that 
were important in the evolution of 
volvocacean ‘maleness’.
Supplemental data
Supplemental data including 
 experimental procedures and 
 supplemental figures are available at  
http://www.current-biology.com/cgi/
content/full/16/24/R1018/DC1
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